Molecular dynamics (MD) simulations show that the desolvation rates of isotopes of Li + , K + , Rb + , Ca 2+ , Sr 2+ , and Ba 2+ may have a relatively strong dependence on the metal cation mass.
4 attachment at calcite surfaces may be related to the dehydration frequency of the metal near the surface. More broadly, the rate constants of several metal ligand-exchange reactions [Mg and Ni binding to a range of organic ligands (26, 27) , the dissolution of orthosilicate minerals containing a range of divalent metals (28, 29) ] have been shown to correlate with the water exchange rates of metals in liquid water, k wex (the inverse of the residence time of water in the first solvation shell of the metal).
The correlation between metal-water exchange frequencies (k wex ) and the rates of other metal-ligand exchange reactions suggests-regardless of whether this correlation arises from desolvation being a rate-limiting step or from inherent similarities between different ligand-exchange reactions involving the same metal ion-that the isotopic mass dependence of k wex may yield important insight into kinetic isotope fractionation during mineral growth and, more broadly, during metal biogeochemical cycling in aqueous systems. A mass-dependence of k wex , though never previously reported, is in fact quite plausible within the framework of reaction rate theory, where k wex is the product of a transmission coefficient (κ) of unknown mass dependence and a transition state theory rate constant (k TST ): k wex = κ k TST (1) .
As explained in more detail in the section "Theoretical basis of the mass dependence of k wex ", if metal-water distance is selected as the reaction coordinate (the simplest and most widespread choice for this type of reaction), k TST has an inverse square root dependence on metal-water reduced mass μ i ; therefore, k wex must vary with isotopic mass unless the unknown mass dependence of κ exactly cancels the strong mass-dependence of k TST .
Molecular dynamics (MD) simulations are routinely used to investigate the k wex values of alkali and alkaline earth metals in liquid water (30) (31) (32) (33) (34) (35) and these simulations readily allow for the determination of the mass dependence of k wex (15, 17) . Here, we use MD simulations in conjunction with reaction rate theory calculations to determine the isotopic mass dependence of k wex for several common cations at three different temperatures, and we show that this dependence could account for the observed Ca isotopic effects attending calcite growth from aqueous solution.
Results and Discussion
Isotopic mass dependence of metal desolvation rates. For each 8 ns segment of our 16 ns simulations, we calculated the time-correlation function C desolv (t), the average number of molecules that remain continuously located in the first solvation shell during a time interval of duration t. Water exchange rates k wex were obtained by applying a linear leastsquares regression to the first 20 ps of the first-order decay expression ln(C desolv )= -k wex t + ln A 0 (2).
Grossfield (36) found that fitting the first 10 ps of similar autocorrelation functions was sufficient to model the lifetime of water molecules in the first solvation shell surrounding monovalent ions. Exchange rates calculated using Eq. 2 were evaluated for mass dependence by constructing log-log plots of k wex,i vs. water model yields an eight-fold coordination that may be particularly stable (Table S1 ).
In contrast to the sensitivity of B to temperature, water model, and type of metal, γ-values calculated with Eq. 3 show no significant dependence on these factors. Therefore, despite the water-model-dependent differences in the absolute values of k wex,i , the mass- Theoretical basis of the mass dependence of k wex. Transition state theory is widely used to explain the rates of metal desolvation and similar phenomena such as ion pair dissociation (31, 35, 41, 42) . Here, recalling that the rate constant for dissociation of a metalwater complex can be written as the product of κ and k TST (Eq. 1), we show that this theory is consistent with our finding that k wex decreases with metal isotopic mass, and also consistent with the magnitude of the mass dependence that comes from the MD simulations. Our object being to test whether reaction rate theory can predict a mass dependence of k wex , we select the simplest and most widely used reaction coordinate (metal-water distance r) for evaluating κ and k TST (31, 33, 41) [more conceptually complex choices of reaction coordinate are equally sound and may provide additional insights into k wex (35, 42) ]. For each isotope (i) within this parameterization, k TST depends only on the metal-water reduced mass μ i and the centrifugally averaged effective potential W eff,i (r)
Boltzmann's constant, and r ‡ is the position of the top of the transition state barrier}:
The transmission coefficient κ accounts for dynamical effects that are not included in k TST , such as solvent reorganization kinetics during the dissociation of the metal-water pair (43) (44) (45) . Here, we predict κ for each metal isotope using Reaction rate theory also provides key insights into the fundamental basis of the observed mass dependence of desolvation frequency. In Fig. 3 , we plot the contributions of k TST and κ to our data on log k wex_RR,i v. log m i for the representative case of Li + in SPC/E water at 298 K. The rate constant k TST has an inverse square-root dependence on ion-water reduced mass, as expected from Eq. 5. Hence, if κ had no isotopic mass-dependence, one would expect a strong, inverse square-root dependence of k wex_RR on the reduced mass μ i .
Simulations by Møller et al. (33) suggest that such a strong mass dependence of k wex exists for Li + in supercritical water, where κ should be close to unity. Our calculations using Eq. 6, however, predict that κ has a positive mass-dependence in liquid water that attenuates the overall inverse-mass dependence of k wex_RR .
Conceptually, the transmission coefficient κ describes the fraction of trajectoriesamong all trajectories where a metal-water complex reaches the transition state-where the metal-water complex returns to its original state without dissociating (so-called barrier recrossings). A direct interpretation of our results is that the chance of barrier recrossing decreases as solute mass increases. Additional insight can be gained by noting that κ also describes the influence of solvent dynamics (the collective dynamics of all molecules except those directly involved in the metal-water dissociation reaction) on the reaction rate (41) [k TST is influenced by solvent structure through W(r) in Eq. 5, but it is independent of solvent dynamics]. Our results show that solvent dynamics have a decreasing influence on k wex as solute mass increases, perhaps because the slower motions of heavy solutes allow more time for solvent reorganization to accommodate the dissociation of the metal-water complex.
On the broader topic of kinetic isotope effects, our results yield two important insights. Implications for isotopic fractionation in geochemical processes. Our finding of the isotopic mass dependence of k wex implies that any ligand-exchange reaction whose rate constant correlates with k wex [mineral dissolution (28, 29) , metal binding to organic ligands (26, 27) , and possibly metal attachment to mineral surfaces (13, 18, 19, 21) ] should exhibit significant kinetic isotope fractionation. For such reactions, the overall kinetic isotope fractionation (α kinetic ) has a maximum value in conditions where the forward reaction rate is much larger than the backward rate. This maximum value can be readily determined from the ratio of water desolvation rates of two different isotopes (i and j) of a given metal ion:
.
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In cases where the backward rate is non-negligible, calculation of α kinetic is straightforward but requires knowledge of the ratio of forward to backward reaction rates (13) . In cases for which these rates are not well constrained, the maximum value of α kinetic calculated via Eq.
7 may be used to deduce the ratio of forward to backward rates from the measured overall kinetic isotope fractionation.
Using the global MD-derived gamma value (γ = 0.049 ± 0.009) and the isotopic masses given in Dataset S1, we can calculate the maximum value of α kinetic for the metals studied here. Results (Table 1) show that the mass-dependence of k wex can account for relatively large kinetic isotope fractionations equal to or greater than the magnitude of observed light-isotopic enrichments in solids containing Li (8), Ca (7), and Ba (6). It should be noted that each of these three studies (6-8) documents mineral precipitation from aqueous solutions with ionic concentrations greater than infinite dilution (as considered here) and containing other ligands in addition to water. Although the magnitude and direction of the measured fractionations in (6-8) coincide with those predicted by our simulations, the extent to which our results are directly transferable to these multicomponent systems-or to systems in which metal desolvation is extremely rapid relative to crystal growth rate or the metal is bound to a surface, an oligomer, or to an anion as a solvated contact ion pair-is unclear and should be the focus of further studies.
In the case of inorganic calcite precipitation, a recent study by Nielsen et al. (24) shows that Ca isotopic signatures in calcite reflect contributions from kinetic processes, which become more important at higher growth rates. The kinetic contribution is expected to be important (13, 24) 
Simulation Methods
Molecular dynamics simulations involving one cation and 550 water molecules in a periodically replicated, cubic simulation cell were performed using the program MOLDY 3.6 (57). Each simulation was carried out for 16 ns (with a 1 fs time step) in the NVE ensemble and was preceded by 202 ps of equilibration at the desired temperature. Due to the absence of a counter-ion and the application of periodic boundary conditions, these simulations approximate conditions of infinite dilution (15) (16) (17) (30) (31) (32) (33) (34) (35) . We chose to model all alkali and alkaline earth metal cations that have more than one naturally occurring stable isotope (Li + , K + , Rb + , Ca 2+ , Sr 2+ , Ba 2+ ) with the exception of Mg 2+ , for which preliminary calculations showed too few water-exchange events to accurately calculate k wex via direct simulation. Each metal cation was simulated at three different temperatures (278, 298, and 323 K) and for a range of solute isotopic masses (both naturally occurring and hypothetical) from m = 3 to 176 Da (Dataset S1). Simulation cell volume was fixed to the corresponding liquid water densities at 1 atm ( = 1.000, 0.997, and 0.988 g cm -3 , respectively). Ion-water interaction potentials (Table S2) Unlike Impey et al. (30) and others (31) (32) 35) who allowed water molecules to make temporary (i.e., ≤2 ps) excursions from the hydration sphere and still be counted as present within the sphere, in our calculations of the time-correlation function C desolv (t) we do not count water molecules as being present in the first hydration sphere once they move beyond a distance of r min from the cation. [We tested the "2-ps-excursion" method of (30) and found that it yields lower k wex values (as expected), but the same mass dependence of k wex in almost all cases. The exception was Ca 2+ , the metal with the lowest water-exchange rates of all the solutes in this study, for which we hypothesize that the k wex values calculated with the 2-ps-excursion method may have been too small to accurately probe their mass dependence.] The desolvation correlation functions for all monovalent cations are qualitatively the same (i.e., e-folding times of ca. 10-50 ps), regardless of temperature or water model; likewise, the desolvation correlation functions calculated for divalent cations all have e-folding times of ca. 200-600 ps. Log-log plots of water exchange rates (k wex ) determined via MD simulation vs. cation isotopic mass for a range of isotopes (given in Dataset S1) of (A) Li + and (B) Ca 2+ . Each row presents results at three different temperatures, increasing from left to right. Results obtained with the SPC/E and TIP4P water models are plotted as blue diamonds and red squares, respectively. Regression lines are weighted linear least squares fits to the data using Eq. 3. Error bars (in most cases smaller than symbol size) are one standard error of the regression from Eq. 2. Similar results were obtained for K + , Rb + , Sr 2+ , and Ba 2+ isotopes as shown in Figure S1 . 
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Cationwater structure calculations and comparison to experimental data. Solutewater radial distribution functions g(r), also known as pair correlation or pair distribution functions, were calculated with a subroutine of the Moldy program using center-of-mass coordinates. Radial distribution functions-as derived from 8 ns 298 K SPC/E simulations-for the major isotope of each ion are plotted for illustrative purposes in Fig.   S2a (monovalent ions) and S2b (divalent ions). The insets in Figure S2 show the approximate location of each RDF global minimum (r min ), interpreted as the radial extent of the first solvation shell (1). We calculated the average coordination number N w of each isotopic species via the summation
for each 8 ns simulation. In Table S1 , we give coordination numbers for each cation, averaged over all isotopic species, for the total 16 ns simulation time. It should be noted that predicted and measured coordination numbers are sensitive to the value of r min if g(r min ) is much greater than zero; therefore, the errors cited for a given cation in Table S1 are the larger of either: two standard deviation of N w values for all isotopic species or the amount by which the average N w would change if r min were varied by ± 0.1 Å. The range in experimentally determined coordination numbers given in Table S1 is due in part to analytical differences in the actual distances probed (e.g., between nuclei versus between centers of electron clouds, which may be polarized) and to the concentration of ions in solution, with larger coordination numbers measured in systems with lower ion concentrations (2) . Our simulations are all at "infinite dilution" and, as expected, generally produce coordination numbers at the higher end of the range of experimentally determined values. It is important to note that our calculated coordination numbers are non-integer averages; the fractional nature of these values is due to the fact that the coordination number reported in many studies is the most probable but not necessarily the only thermodynamically stable value: some fraction of the solvated ion population will have lower and higher coordination numbers due to only slight differences in the free energies of those complexes (3). In the case of Rb + , the coordination number given for comparison to our simulation-derived N w values is from MD simulations by (4) rather than 24 from experiments; the lack of X-ray diffraction data for Rb + is due to the fact that Rb + fluoresces upon irradiation at the most commonly used wavelengths (2) . Experimentally determined coordination numbers and those calculated from MD simulations for all cations modeled in this study generally agree (Table S1 ), which we take as evidence in support of our simulation methodology.
Comparison of SPC/E and TIP4P water models to experimentally determined properties of water. Both water models accurately predict the density (5,6) and O-O radial distribution functions of ambient liquid water (7); however, the structure of hydrogen bonding in the two models differs significantly (8) , and these differences may affect each model's ability to reproduce certain physical properties of water. In particular, the two models differ in the accuracy of their predictions of the self-diffusion of water and its static dielectric constant. The self-diffusion coefficient of SPC/E water at 298 K (obtained from one of our Li + MD simulations) is ~2.4  10 -9 m 2 s -1 , which falls within ~5% of the published experimental value [2.3  10 -9 m 2 s -1 (9)]; however, the self-diffusion coefficient of TIP4P water at 298 K (~3.3  10 -9 m 2 s -1 ) overestimates the experimentally determined self-diffusivity by ~45%. In terms of the dielectric constant of liquid water, SPC/E predicts a value within ~10% of the actual value at 298 K (10), whereas the TIP4P value is within ~40% at 293 K, improving to within ~30% at 373 K (11). In short, the TIP4P model predicts weaker hydrogen bonding and faster dynamics than the SPC/E model. Figure S1 . Log-log plots of water exchange rates (k wex ) determined via MD simulations vs. cation isotopic mass for isotopes given in Dataset S1 of (A) 
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